It is generally believed that internal symmetries are necessarily restored at high temperature in supersymmetric theories. We provide simple and natural counterexamples to this no-go theorem for systems having a net background charge. We exemplify our findings on abelian models, for both cases of global and local symmetries and discuss their possible implications.
A. Introduction.
When heated up, physical systems undergo phase transitions from ordered to less ordered phases. This deep belief, encouraged by everyday life experiences, would tell us that at high temperature spontaneously broken symmetries of high energy physics get restored. This, in fact, is what happens in the Standard Model (SM) of electroweak interactions. Whether or not true in general is an important question in its own right, but it also has a potentially dramatic impact on cosmology. Namely, most of the extensions of SM tend to suggest the existence of the so called topological defects and it is known that two types of such defects, i.e.domain walls and monopoles pose cosmological catastrophe. More precisely, they are supposed to be produced during phase transitions at high temperature T [1] and they simply carry too much energy density to be in accord with the standard big-bang cosmology. One possible way out of this problem could be provided by eliminating phase transitions if possible. In fact, it has been known for a long time [2] that in theories with a more than one Higgs field (and the existence of topological defects requires more than one such field in realistic theories) symmetries may remain broken at high T, and even unbroken ones may get broken as the temperature is increased. This offers a simple way out of the domain wall problem [3] , whereas the situation regarding the monopole problem is somewhat less clear [4] . Unfortunately, the same mechanism seems to be inoperative in supersymmetric theories. Whereas supersymmetry (SUSY) itself gets broken at high T, internal symmetries on the other hand get necessarily restored. This has been proven at the level of renormalizable theories [5] , and a recent attempt to evade it using higher dimensional nonrenormalizable operators [6] , has been shown not to work [7] .
All the papers mentioned above have an important assumption in common: the chemical potential is taken to be zero. In other words, they assume the vanishing of any conserved charge. On the other hand, it has been known that in nonsupersymmetric theories the background charge asymmetry may postpone symmetry restoration at high temperature [8] , and even more remarkably that it can lead to symmetry breaking of internal symmetries, both in cases of global [9] and local symmetries [10] at arbitrarily high temperatures. This is simply a consequence of the fact that, if the conserved charge stored in the system is larger than a critical value, the charge cannot entirely reside in the thermal excited modes, but it must flow into the vacuum. This is an indication that the expectation value of the charged field is non-zero, i.e. that the symmetry is spontaneously broken. Furthermore, from the work of Affleck and Dine [11] we know that there is nothing unnatural about large densities in SUSY theories. It is the purpose of this Letter to demonstrate that reasonably large charge densities (with the chemical potential smaller than temperature) provide a natural mechanism of breaking internal symmetries in SUSY at arbitrary high temperature. We exemplify our findings on simple abelian models, with both global and local symmetries, and leave the generalization to nonabelian symmetry for a future publication. However, before presenting our results we wish to make some comments regarding background charge asymmetries.
B. Chemical potential: generalities. Let us assume that associated with some unbroken abelian symmetry, either global or local, there exists a nonvanishing net background charge Q = (n -n)V, where V is the physical volume of the system and n and n are the particle and the antiparticle density distributions
In the above ± refers to fermions and bosons respectively and /i is the chemical potential associated with the charge Q. It is easy to show that for fermions (which is all we need here)
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It has a global U(l) i?-symmetry under which fields transform as </ > -> e ta (f> and ip -> e~t a / 2 tp, where cj) and I/J are the scalar and the fermionic component of the superfield $. Thus the fermionic and bosonic charges are related by 2Q^ + Q$ = 0, or in other words the chemical potentials satisfy the relation /i = /i^ = -2/i^. Now, the main point here is that the presence of a nonvanishing net i?-charge leads already at tree-level to a mass term for the scalar field with a "wrong" (negative) sign after canonical momenta have been integrated out in the path integral [8, 9] . The one-loop high temperature effective potential receives dominant contributions from /i and T for a small Yukawa coupling A <^ 1 and reads (for /i < T) [8, 9] 
The above result is not new; it has been found before in the case of charged scalar fields [8, 9] . The important new ingredient here is that it holds in the case of supersymmetry, since we may safely ignore the one-loop fermionic contribution in the chemical potential term, being of the order A 
the original U(1)R global symmetry is spontaneously broken and this is valid at arbitrarily high temperatures (as long as the approximation of A small holds true).
Notice that, in all the above we have assumed unbroken supersymmetry. When supersymmetry is softly broken, U{\)R gets also explicitly broken because of the presence of soft trilinear scalar couplings in the Lagrangian. Therefore, the associated net charge vanishes and the reader might be worried about the validity of our result. However, the typical rate for [/(l)^-symmetry breaking effects is given by F ~ m 2 to consider the presence of a nonvanishing i?-charge at very high temperatures even in the case of softly broken SUSY. Thus, we have provided a simple and natural counterexample to the theorem of the restoration of internal symmetries in supersymmetry [5] . The situation here is completely analogous to what happens in the non-supersymmetric scalar field theory with potential V = m 2 (f>^(f> + A(</>t</>) 2 described in [9] . The presence of a nonvanishing chemical potential for the associated U(l) global charge makes it possible for the global symmetry to be broken at arbitrarily high temperatures even in the case m 2 > 0. This is a consequence of the fact that the charge cannot be stored in the thermal excited modes, but it must reside in the vacuum and this is an indication that the expectation value of the charged field is non-zero, i.e. that the symmetry is spontaneously broken. D. Local gauge charge. It has been known for a long time [10] that a background charge asymmetry tends to increase symmetry breaking in the case of a local gauge symmetry. In his work, Linde has shown how a large fermion number density would prevent symmetry restoration at high temperature in both abelian [10] and nonabelian theories [12] . The essential point is that the external charge leads to the condensation of the gauge field which in turn implies the nonvanishing VEV of the Higgs field. This phenomenon may be easily understood if one recalls that an increase of an external fermion current j leads to symmetry restoration in the superconductivity theory [13] . In gauge theories symmetry breaking is necessarily a function of j 2 = j% -j 2 , where j 0 is the charge density of fermions. An increase of j 0 is therefore accompanied by an increase of symmetry breaking [10] . We now demonstrate that this phenomenon persists in supersymmetric theories, at least in the case of abelian symmetry. The simplest model is based on U(l) supersymmetric local gauge symmetry. The minimal anomaly free matter content consists of two chiral superfields $ + and $~ with opposite gauge charges and the most general renormalizable superpotential takes the form M/ = m$ + $".
Notice that the symmetry is not spontaneously broken at zero temperature. Since there is no Yukawa interaction, there is also a global U(l) i?-symmetry, under which the bosons have, say, the same charge and fermions are invariant. Furthermore at very high temperature, T > m 2^3 M pe , the fermion mass can be neglected and we get also a chiral U(l) symmetry under which the bosons are invariant. We may now suppose for simplicity that there is a net background charge density j 0 , with the zero current density and that it lies entirely in the fermionic sector. In other words we assume the background charge to be in the form of the chiral fermionic charge. Thus only the fermions have a nonvanishing chemical potential.
Equally important, we assume that the gauge charge of the Universe is zero, just as in [10] . In the realistic version of this example, one would imagine the gauge charge to be the electromagnetic one and the chiral fermionic charge to be, say, the lepton charge in the MSSM. We know from observation that the electromagnetic charge of the Universe vanishes to a good precision. Thus we have to minimize the action with the constraint that the electric field is zero. What will happen is that some amount of bosonic charge will get stored into the vacuum in order to compensate for the fermionic one and achieve the vanishing of the electric field. In this way, the total U(l) charge density of the system including the charge of the condensate is equal to zero even if symmetry is broken and the gauge forces are short-range ones. This is the principal reason behind the resulting spontaneous symmetry breaking of the local gauge symmetry, as we show below. It is crucial thus to have some nonvanishing external background charge, i.e. the model should have some extra global symmetry as provided by our chiral symmetry.
We can obviously take Ai = 0 in the vacuum and treat A o on the same footing with the scalar fields <^ (due to the net charge A o cannot vanish in the vacuum). If we now integrate out A o using its equation of motion, assuming the electric field to be zero, we can then compute the high temperature potential for the scalar fields in question at high temperature and large charge density with the following result Moreover in that case it is an absolute minimum, while </ > = 0 is a maximum. Now, using (2) we can rephrase the above condition in the language of the chemical potential (using g* = 4 )
For (j < 1, which is of our interest, /i easily satisfies the condition /i < T. As noted above, since Yukawa interactions are absent, the role of the external charge may have been played by the i?-charge in the scalar sector, the two scalars being equally charged under this symmetry. In such a case, the analysis requires careful handling because of issues related to gauge invariance and we will extensively explore this in a future publication. -terms induced at one-loop are crucial for the existence of global minimum which breaks local gauge symmetry. For the physical realization of this situation the existence of an extra source is necessary and, in our case, the latter is provided by the chiral fermionic charge. This situation is quite different from what happens in a simple nonsupersymmetric model with local abelian symmetry and only one scalar field, where only the combination (A o + /i) appears in the computation and the absence of an extra source imposes the condition that this quantity is equal to zero [15] .
Thus we have also provided a supersymmetric example of a local gauge symmetry being broken at high temperature in the presence of a background charge density.
E. Summary and outlook.
The main point of our paper is that internal symmetries in supersymmetric theories, contrary to the general belief, may be broken at high temperature, as long as the system has a nonvanishing background charge. The examples we have provided here, based on both global and local abelian symmetries, are natural and simple and should be viewed as prototypes of more realistic theories. The necessary requirement for the phenomenon to take place is that the chemical potential be bigger than a fraction of temperature on the order of (1-10)%. Notice that this is by no means unnatural. In the expanding universe, as we have stressed before, the chemical potential is proportional to temperature, and thus unless zero for some reason, /i/T is naturally expected to be of order one. More important, this chemical potential could be zero today, all that is needed is that it is nonvanishing at high temperature. We have seen how soft supersymmetry breaking may naturally provide such a scenario if there is some nonvanishing external charge. The presence of such a charge might even help in stabilizing nontopological solitons [16] in the early stages of the evolution of the Universe. Now, it is well known that in suspersymmetry the existence of flat directions may lead to large baryon and lepton number densities at very high temperature [11] . In any case, we wish to be even more open minded and simply allow for a charge density without worrying about its origin. It is noteworthy that a large neutrino number density may persist all the way through nucleosynthesis up to today [14] . This has been used by Linde [12] in order to argue that even in SM the SU(2)L <E> U(1)Y symmetry may not be restored at high temperature. Since SUSY, as we have seen, does not spoil the possibility of large chemical potentials allowing symmetry breaking at high T, it is important to see if our results remain valid in the case of nonabelian global and local symmetries. This work requires particular attention due to the issues related to gauge invariance and is now in progress. We only wish to observe here that, if some conserved charge is present in the system, e.g. the lepton charge in the minimal supersymmetric extension of the SM, it will be automatically shared among fermions and scalars of the same supersymmetric multiplet. However, in the realistic situation in which supersymmetry is softly broken, sfermions acquire a mass ra and are much heavier than their fermionic partners. Hence, for temperatures T smaller than ra, the number density of sfermions in the thermal bath is drastically reduced by the Boltzmann suppression factor and the external conserved charge will reside in the fermionic sector. This might render the analysis easier and make it similar to the one performed in Section D.
We should stress that there is more than a sole academic interest to the issue discussed in this paper. If symmetries remain broken at high temperature, there may be no domain wall and monopole problems at all. Furthermore, it is well known that in SUSY grand unified theories symmetry restoration at high temperature prevents the system from leaving the false vacuum and finding itself in the broken phase at low T. This is a direct consequence of the vacuum degeneracy characteristic of supersymmetry which says that at zero temperature the SM vacuum and the unbroken GUT symmetry one have the same (zero) energy. If the symmetry is restored at high T, one would start with the unbroken symmetry in the early universe and would thus get caught in this state forever. Obviously, if our ideas hold true in realistic grand unified theories, this problem would not arise in the first place.
To conclude, our abelian examples, based on both global and local gauge symmetries, show that it is perfectly consistent to have a spontaneously broken internal symmetry in supersymmetric theories. For this to happen, though, an important condition must be satisfied: the system must possess a non negligible chemical potential, /i < T, or in other words a net background charge. This is the novel and the main point of our paper. The previous works, it should be stressed, indicating the role of chemical potential in symmetry nonrestoration at high temperature referred only to nonsupersymmetric theories. Now, in nonsupersymmetric theories, in many cases it is possible to achieve high temperature symmetry breaking even without resorting to charge asymmetries, whereas it is impossible in SUSY. Generalization of our results to supersymmetric nonabelian theories is now in progress.
